A linkage map of the Ixodes scapularis genome was constructed based upon segregation amongst 127 loci. These included 84 random amplified polymorphic DNA (RAPD) markers, 32 Sequence-Tagged RAPD (STAR) markers, 5 cDNAs, and 5 microsatellites in 232 F 1 intercross progeny from a single, field-collected P 1 female. A preliminary linkage map of 616 cM was generated across 14 linkage groups with one marker every 10.8 cM. Assuming a genome size of ∼10 9 bp, the relationship of physical to genetic distance is ∼300 kb/cM in the I. scapularis genome.
Introduction
Ticks and the pathogens they transmit have long been an important cause of morbidity and mortality. Ticks are second only to mosquitoes as vectors of human and animal diseases (Sonenshine, 1991) . Ixodes scapularis has become an important vector species because of its ability to transmit Borrelia burgdorferi, the causative agent of Lyme disease, in eastern and midwestern North America (Spielman et al., 1985) . I. scapularis is also a vector of the causative agent of human granulocytic ehrlichiosis (HGE) (Telford et al., 1996) and Babesia microti the causative agent of human babesiosis (Spielman, 1976) .
A great deal of information is known about the development, physiology, anatomy and vector competence of ticks, however little is understood about the genetic basis of these traits. Karyotypes have been characterized for 103 design targeted primers for PCR. STAR products are analyzed on a second SSCP gel, and usually segregate as codominant markers.
SSCP analysis of cDNA sequences provides another class of highly polymorphic markers for use in linkage mapping. Although these are unique, functional regions of a genome, polymorphisms are frequent, and can be used to generate linkage maps. This method has been used to map cDNA makers in A. aegypti .
In this paper we describe the use of MS, RAPD-PCR, STAR, and cDNA markers to generate a preliminary linkage map in an F 1 intercross family of I. scapularis. We describe our successes and failures in developing polymorphic markers and provide a preliminary 616 cM linkage map across 14 linkage groups, the 1N number of chromosomes determined cytogenetically (Oliver, 1977) . This provided a linkage map with one marker every 10.8 cM. However, counting markers that did not map to any of these 14 linkage groups, we estimate a much larger map size of 3165 cM with an average resolution of only one marker every 55 cM.
Materials and Methods

Mapping cross
All ticks were kept in Wheaton 8 ml sample vials (Wheaton, Millville, NJ) which were placed into glass desiccator jars with water in the bottom to maintain a high relative humidity. The desiccators were maintained in a Revco bioclimatic chamber (Revco Inc., Deerfield, MI) at 21
• C, 95% humidity and received a photoperiod of 16:8 (light:dark). ICR outbred, pathogen-free mice were used for blood feedings (DVBID, CDC, Ft. Collins). Four fertilized P 1 females were collected from Bridgeport, Connecticut in the fall of 1997, brought back to DVBID, and fed on rabbits. Eggs were laid by the P 1 females and hatched ∼4 weeks later to generate four initial families. After eggs were collected from each P 1 mother, each female was frozen in a labeled cryotube at −20
• C in 70% ethanol. F 1 eggs from each female were hatched out and larvae were blood fed on mice. One hundred replete larvae were place in Wheaton vials and ∼5 weeks after being fed, the larvae molted to nymphs. Once the cuticle hardened, the F 1 nymphs were blood fed. At this point the nymphs went into diapause for ∼8 months due to an unintentional drop in incubator temperature to 16
• C. When the incubator temperature was corrected, the ticks came out of diapause and development continued. When the fed nymphs molted to adults, eight single F 1 intercrosses were set up per family. Successful breeding pairs were established from P 1 female #2 (five pairs), and only a single pair from P 1 females #1, #3, and #4. For each F 1 intercross, females were isolated from the males, and single breeding pairs were made and subsequently fed individually in an ear bag on a rabbit ear.
Fed females were separated into labeled vials to collect F 2 eggs. These were laid from 4 to 6 weeks post-feeding. Each F 1 male was frozen in a labeled tube at −20
• C in 70% ethanol, and given the same number as his F 1 mate. Each F 1 female was frozen after collecting eggs. F 2 eggs were hatched and when the cuticle had hardened, blood fed on mice. After the larvae had molted to nymphs, ∼4 weeks post-feed, and the cuticle had hardened, nymphs were fed on mice. The nymphs were reared to adults, and individually assigned a number that corresponded to the P 1 and F 1 female numbers. The F 2 adults were then frozen in a labeled tube at −20
• C in 70% ethanol.
Markers
Microsatellite loci were derived as described by Fagerberg et al. (2001) . RAPD loci were amplified and run on SSCP gels as described in Black and DuTeau (1997) . STAR loci were derived from polymorphic RAPD loci following exactly the procedure in Bosio et al. (2000) . Primers for cDNA sequences from an I. scapularis salivary gland genomic library (kindly provided by Jose Ribeiro) were developed following the methodology of Fulton et al. (2001) .
Map data analysis
Map distances were converted from recombination fractions to map units (cM) using the Kosambi mapping function (Kosambi, 1944) . Offspring genotypes of F 1 and F 2 I. scapularis were entered into JoinMap ® 2.0 (Stam and van Oojin, 1995) . Because the numbers of parental, recombinant, and uninformative genotypes, and the segregation ratios among the F 2 offspring may differ for each locus, JoinMap allows each marker to be analyzed according to parental genotypes. Initially, a threshold recombination fraction of 0.499 and a log odds density (LOD) score of 3.0 was used to group markers. The minimal LOD was then increased to 6.0 in increments of 0.1 to monitor the rate at which markers left individual linkage groups. Increasing the minimum LOD in increments tests how robust are the linkage groups in the genotype data set. DrawMap ® (van Ooijen, 1994) was used to plot a linkage map from the recombination frequencies generated by JoinMap.
Results
The P 1 generation began as a field-collected, fertilized female. The genotype of the P 1 male had therefore to be inferred at all loci. Recombination frequencies among all marker loci were analyzed in 232 F 2 progeny. Twenty RAPD primers (Table 1) amplified 84 polymorphic marker loci. Genotypes at 64 loci were in expected Mendelian ratios among the F 2 offspring. Sixty-three of these loci and D04.800a and b (bands ∼1 mm apart on the SSCP gel that did not completely cosegregate) were extracted from SSCP gels, reamplified, cloned and sequenced to generate 65 primer pairs (Table 2) . Of these, 52 STAR loci were polymorphic, and genotypes at 33 of these were in expected Mendelian ratios in the F 2 offspring. Alleles at 20 of the 33 STAR loci segregated as codominant markers.
Fifty-six sequences from an I. scapularis salivary gland cDNA library (sequences kindly provided by Jose Ribeiro) were analyzed for primer design. A09  GGGTAACGCC  A20  GTTGCGATCC  B15  GGAGGGTGTT  B18  CCACAGCAGT  B20  GGACCCTTAC  C19  GTTGCCAGCC  C01  TTCGAGCCAG  C04  CCGCATCTAC  D02  GGACCCAACC  D03  GTCGCCGTCA  D04  TCTGGTGAGG  D07  TTGGCACGGG  D08  GTGTGCCCCA  D12  CACCGTATCC  D13  GGGGTGAGCA  D16  AGGGCGTAAG  D17  TTTCCCACGG  D18  GAGAGCCAAC  D19  CTGGGGACTT  D20 ACCCGGTCAC Primers were designed to amplify 250-400 bp fragments (optimal size for SSCP) in 20 of the genes (Table 2 ) with high matches to existing genes. However, ultimately only five of these could be mapped because the genomic DNA amplified by the primers was much larger than the anticipated size based upon the cDNA sequence. Amplified products from these loci were extracted from the polyacrylamide gels, reamplified and cloned into a plasmid vector for subsequent sequencing. As expected we found that the cDNA sequence was interrupted by large introns, some up to 800 bp in size. SSCP analysis can only reliably reveal polymorphisms in fragments <500 bp. We did not design internal primers from the genomic sequences.
Primers for 10 MS loci (Fagerberg et al., 2001 ) are also listed in Table 2 . However, only six of these could be mapped, one of which was not in expected Mendelian ratios, consequently only five MS markers have been mapped. The remaining four were monomorphic, further supporting the observations of low heterozygosity found at I. scapularis MS loci (Fagerberg et al., 2001) .
A linkage map was generated using JoinMap ( Figure 1 ) (Ullmann et al., 2003) . The linkage map contains only those loci at which genotypes were in Mendelian ratios. Fourteen linkage groups were identified by JMGRP at an LOD of 3.0. Above this LOD, markers began splitting away either singly or into separate groups. A total of 57 markers mapped across 616 cM on the 14 linkage groups with one marker every 10.8 cM. A total map distance of 3166 cM was estimated by making the assumption that the remaining 51 markers that did not cosegregate onto any of the 14 linkage groups were ≥50 cM from mapped markers (51 markers × 50 cM/marker) + 616 cM = 3166 cM).
Linkage groups on the map are temporarily assigned numbers according to their relative lengths. These lengths could change if more markers are added to the map. Ultimately numbers will be assigned to chromosomes via physical mapping when a physical map for I. scapularis exists. When this is accomplished then chromosome numbers will be assigned according to overall chromosome length. Currently, the map shows that linkage group 1 is four times longer than any of the other 13 linkage groups. We suspect that linkage group 1 corresponds to the sex chromosome, because it is known from cytogenetic work that in Ixodes the sex chromosome is three to four times longer than the autosomes (Oliver, 1977) , and when sex was mapped it was most closely linked to A09.583 on linkage group 1 with an LOD of 2.667.
The size of this linkage maps suggests a very high recombination rate for the I. scapularis genome. The physical size of another ixodid tick genome, Amblyomma americanum, was previously determined to be 1.08 pg or 1.04 × 10 9 bp, and repetitive elements were in a long-period interspersion pattern (Palmer et al., 1994) . Assuming this is an accurate estimate of the size of the Figure 1 . A preliminary linkage map of the I. scapularis genome that includes only those loci at which genotypes were in Mendelian ratios. Fourteen linkage groups were identified by JMGRP at an LOD of 3.0. A total of 57 markers map across 616 cM on 14 linkage groups with one marker every 10.8 cM. Linkage groups on the two maps are temporarily assigned numbers according to their relative linkage distances. These do not necessarily correspond to chromosomes numbered according to length cytogenetically (Oliver, 1977) . RAPD markers are indicated by the name of the Operon primer, a period followed by the size of the amplified fragment. A STAR locus is indicated by a RAPD label followed by an 'ST'. cDNA loci follow the labels designated in Valenzuela et al. (2002) . Microsatellite loci are indicated by AC, AG, CTGY, or GATA and the clone number. I. scapularis genome, then the relationship of physical to genetic distance is ∼267-329 kb/cM. Work is currently underway to determine the physical size and organization of the I. scapularis genome.
Discussion
Our experience in generating this preliminary linkage map demonstrates both promising aspects to and pitfalls for future work in tick genetics and genomics. Having tried conventional RAPDs, STARs, MS, and cDNAs, it appears that STARs are likely to be the marker of choice for expanding the I. scapularis linkage map and eventually integrating the linkage map into a physical map. Of the 65 STAR primer sets designed (Table 2) , 52 were polymorphic and genotypes at 37 of these conformed to expected Mendelian ratios. The numbers of RAPD loci and the amount of heterozygosity at these loci were not as great as those detected in A. aegypti (Antolin et al., 1996) . From the 20 RAPD primers, a total of 63 markers were mapped to the I. scapularis genome while 94 markers were generated with only 10 RAPD primers in an Ae. aegypti F 1 intercross family (Antolin et al., 1996) . Reassociation kinetic studies of another ixodid tick, A. americanum, showed that the organization of repetitive DNA was of the long-period interspersion type (Palmer et al., 1994) . We suspect that this is also the case for I. scapularis. Fagerberg et al. (2001) had to use a specialized capture technique to identify a few MS loci in I. scapularis. Furthermore, the heterozygosity at these few loci was low. We have no explanation for the low abundance and variability at MS loci in I. scapularis. Sequences obtained from cDNA libraries were useful in generating PCR primers that amplified single nucleotide polymorphisms (SNPs) for linkage mapping in an A. aegypti F 1 intercross family . In most cases the amplified regions were of the same size as the cDNA. However, this was not the case with cDNAs in the I. scapularis genome. In only 5 of the 20 cDNAs, for which primers were designed, were we able to recover a fragment that was sufficiently short for SSCP analysis. This appears to be due to the presence of large intervening introns. Taking the additional steps required to identify the locations and sequences of intron/exon boundaries will be very laborious and expensive.
We are in the process of performing the reassociation kinetics of the I. scapularis genome. However, assuming that the physical size of the I. scapularis genome is approximately the same size as the A. americanum genome (1.04 × 10 9 bp) (Palmer et al., 1994) , perhaps an inappropriate assumption to make, our results suggest that there is a great deal of recombination in I. scapularis. A resolution of ∼300 kb/cM compares favorably to the average 1100 kb/cM resolution in A. gambiae (Dimopoulos et al., 1996) or the 1000-3400 kb resolution for A. aegypti (Brown et al., 2001) . A map of this resolution has a higher probability of being successfully used in mappedbased positional cloning of candidate genes for vector competence to pathogens, host preference, insecticide resistance and other important characters in I. scapularis.
